The Toxoplasma centrosome is a unique bipartite structure comprising an inner-15 and outer-core responsible for the nuclear cycle (mitosis) and budding cycles 16
proteolysis: the processed version residing on the inner-core. In the absence of 23 TgCep250, stray centrosome inner-and outer-core foci were observed; detachment 24 of the inner-outer-core connection resulted in nuclear partitioning defects. The 25 detachment between centrosome inner-and outer-core was found in only one of the 26 centrosomes during cell division, indicating distinct states of mother and daughter 27 centrosomes. We further dissected the hierarchical organization of centrosome and 28 kinetochore complex through depletion of kinetochore component TgNuf2, which 29 resulted in dissociation of the intact bipolar centrosome from the nuclear periphery. 30
Together, these data suggest that TgCep250 bridges the interaction between the 31 centrosome cores but not between the inner-core and kinetochore. 32
Introduction 40 41
The phylum Apicomplexa consists of almost exclusively obligate intracellular 42 parasites, which have significant impact on public health. Among these single-celled 43 organisms, Toxoplasma gondii is one of the most successful zoonotic pathogens that 44 can be transmitted and replicate in many different host species. T. gondii has 45 developed flexible replication strategies allowing efficient survival in distinct tissue 46 types. Tachyzoites are the acute replication form of T. gondii and are responsible for 47 most of the clinical burden in infected individuals. They undergo a binary 48 replication mode termed endodyogeny where two daughter cells assemble 49 internally and emerge from the mother cell. The cell cycle follows the sequence of 50 G1, S and M phases, but the G2 phase is absent or too short to be detected 1 , and is 51 driven by a set of unconventional CDK-related kinases (Crks) and cyclins 2 . Mitosis is 52 (semi-)closed and tightly spatially and temporally coordinated with cytokinesis as 53 these two events occur concomitantly. The 14 chromosomes are clustered at the 54 centromeric region throughout the cell cycle at the 'centrocone', a unique 55 membranous structure that houses spindle microtubule during mitosis 3 . The tight 56 organization of chromosomes is thought to ascertain each daughter cell receives a 57 full set of genetic material when the parasite undergoes more complex division cycle 58 in other cell cycle stages 4 . In its definitive feline host, endopolygeny consists of 59 several rounds of DNA synthesis and mitosis in the same cytoplasmic mass followed 60 by synchronized cytokinesis in accordance with the last round of mitosis, producing 61 8-16 uni-nucleated progeny per replication cycle 5 . 62
The Toxoplasma centrosome is divergent from mammalian cells in 63 architecture and composition. For example, the centrioles are composed of nine 64 singlet microtubules, smaller in size than mammalian centrioles, and the centriole 65 pair is arranged in parallel rather than perpendicular 4 . Orthologs of many key 66 components in the mammalian centrosome cannot be found in the Toxoplasma 67 genome 6 . Even without canonical protein orthologs, recent studies have shown that 68 a group of coiled-coil proteins localize to the centrosome and support proper 69 karyokinesis and cytokinesis 7-8 . This work identified a distinctive architecture of 70 two centrosome cores: the outer-core (distal to the nucleus) and the inner-core 71 (proximal to the nucleus). 72
The Toxoplasma centrosome is the key organelle coordinating mitotic and 73 cytokinetic rounds. The centrosome resides at the apical end of the nucleus during 74 interphase and remains closely associated with a specialized nuclear envelope fold 75 termed the centrocone that houses the spindle microtubules (MTs) during mitosis 9 . 76
The centrosome also plays a critical role in partitioning the single copy Golgi 77 apparatus and the chloroplast-like organelle, the apicoplast, during cell division 10 . 78
Late in G1, the centrosome rotates to the distal end of the nucleus where it 79 duplicates and then returns to the proximal end 11 . At this point, the spindle MTs 80 assemble and are stabilized within the centrocone, whereas subsequently the 81 centrosome serves as a scaffold for assembly of daughter cell cytoskeletal 82 components 12 . In mitosis, a striated fiber assemblin (SFA) protein emanates from 83 the centrosome and connects the daughter apical conoid to the centrocone. SFA 84 polymerization is thought to maintain the stoichiometric count of daughter cells and 85 replicating genomic materials. In SFA depleted cells, cell division is completely 86 disrupted 13 . Throughout these timely regulated events, little is known about 87 centrosome biogenesis or regulation in Toxoplasma. Although orthologs in charge of 88 new centriole biogenesis, Polo-like kinase PLK4 and its substrate STIL/Ana2/SAS5, 89 are absent from the Toxoplasma genome , previous work has shown that a 90 conserved NIMA-kinase, TgNek1, is required for centrosome splitting 14 and a 91
TgMAPK-L1 place a role in inhibiting centrosome over-duplication 7 . However, 92 exactly on what aspects of the centrosome these kinases act and what their 93 substrates are remains unclear. 94
Here we asked whether TgCep250 could be the substrate of TgNek1 required 95 for centrosome splitting in orthogology to the human HsNek2 -C-NAP1/Cep250 96 relationship in centrosomes splitting 15 . Our data reject this hypothesis but instead 97 revealed that TgCep250 is required to connect the inner-core with the outer-core as 98 well as to maintain overall centrosome integrity. Moreover, our data are the first 99 report directly hinting at a differential status of mother versus daughter centrosome 100 in the Apicomplexa. In conclusion, TgCep250 is not the critical TgNek1 substrate, 101 but its function in keeping centrosome complexes connected appears to be 102 orthologous to the role of human C-NAP1/Cep250. where the upper two foci in close apposition to the outer-core ( Fig. 1) . 117
To dissect the function of TgCep250, we generated a conditional knockdown 118 line (TgCep250-cKD) using a tetracycline regulatable promoter. Simultaneously, we 119 inserted a single-Myc tag at the N-terminus of the gene ( Fig. 2A ). Correct integration 120 of the construct through single homologous recombination was validated by PCR 121 (Fig. 2B ). In the presence of anhydrotetracycline (ATc), Myc-TgCep250 protein 122 becomes undetectable within six hours of incubation by immunofluorescence assay 123 (IFA) and western blot ( Fig. 2C and D) . Interestingly, the N-terminal Myc-tagged 124 TgCep250 only formed two foci co-localizing with α-Centrin throughout the cell 125 cycle. This suggested that the placement of the tag on TgCep250 either alters the 126 subcellular localization or that proteolytic processing is associated with this 127 differential localization pattern. To test this hypothesis, we added a C-terminal 3xTy 128 tag to the Myc-TgCep250-cKD locus ( Fig. 3A) and analyzed TgCep250-3xTy by IFA 129 and western blot. As shown in Figure 3B and 3C, C-terminally 3xTy tagged 130 TgCep250 forms four foci like TgCep250-YFP. Moreover, we observed multiple 131 protein bands smaller than the full-length protein on the blot using α-Ty antibody 132 ( Fig. 3C ; note that full-length TgCep250 is a large coil-coiled protein with a 133 molecular weight predicted to be 762 kDa). Thus, these data support the notion that 134 that only full-length TgCep250 localizes to the outer-core (during the onset of 135 cytokinesis) and a truncated version of TgCep250 localizes to the inner-core 136 (throughout all cell cycle stages; Fig. 3B and 3D ). In line with this hypothesis, we 137 only detected a single band on western blot consistent with the full-length protein 138 using α-Myc antibody (Fig. 2D ). Thus, we conclude that TgCep250 has dynamic 139 localization pattern during the cell cycle and that protein processing appears to 140 affect association of TgCep250 to the centrosome inner cores. 141 142
TgCep250 is essential and links the centrosome inner-and outer-cores 143
Next, we probed the function of TgCep250 with a series of experiments using the 144 TgCep250-cKD parasite line. In the presence of ATc, TgCep250-cKD parasites failed 145 to form plaques suggesting TgCep250 is essential for parasite survival (Fig. 4A ). 146
Phenotypic analysis by IFA showed that in absence of TgCep250 the nucleus failed 147 to partition to the daughter cells ( Fig. 4B , white arrow) and as a result anuclear 148 parasites were observed ( Fig. 4B , white arrowheads). The stoichiometric balance of 149 1:1 daughter to (outer-)centrosome count was also disrupted resulting in three 150
Centrin foci accumulated in a single cell boundary highlighted by IMC3 ( Fig. 4B,  151 double arrowhead). To examine the nuclear partitioning defect in more detail, we 152 used different sets of antibodies to analyze TgCep250 depleted parasites. As shown 153 in Figure 4C , we observed and quantified three different centrosomal defects in 154
TgCep250 depleted cells using centrosome inner-(TgCep250L1) and outer-core 155 (Centrin) markers. We observed detachment of inner-core from the outer-core in 156 the majority of mitotic, mutant parasites (marked in yellow). However, we also 157 observed parasites wherein the outer-core split into two foci while only two inner-158 cores were present, suggestive of undergoing an additional replication cycle 159 (marked in cyan; 10% of the mitotic parasites). Finally, about 35% of the mitotic 160 parasites displayed, stray inner core foci (marked in magenta) which is a 161 combination of the two other phenotypes. Detachment of inner-and outer-cores 162 likely results in the nuclear partitioning defect observed in Figure 4B . An additional 163 observation is that detachment of inner-and outer-cores occurred in most instances 164 on only one of the two centrosomes. The most logical explanation is that the 165 detached inner/outer-core pair represents the daughter centrosome and the intact 166 pair represents the mother centrosome 17 . In this scenario, during centrosome 167 biogenesis, TgCep250 cannot be incorporated into the newly formed daughter 168 centrosome resulting in a detached inner-and outer-core. However, the TgCep250 169 in the mother centrosome is stably incorporated thereby maintaining inner-and 170 outer-core adhesion in this centrosome. 171
Interestingly, the ability to form daughter buds remained intact in TgCep250 172 depleted cells ( Fig. 4B ; daughter buds marked with asterisk). Thus, we sought to 173 determine whether the detached centrosome cores remain functional in daughter 174 bud assembly. For this purpose, an IMC-subcompartment protein ISP1 was used as a 175 marker to determine early daughter formation near the centrosome 18 . As shown in 176 Figure 4D , α-ISP1 signal was detected surrounding the outer-core in the presence 177 and absence of ATc, even when the outer-core is detached from the inner-core ( Fig.  178 4D 4x zoom, asterisk). These results indicate that the function of the outer-core in 179 daughter bud assembly remains intact when it is detached from the inner-core. This 180 observation is in line with the proposed working model predicting that the inner-181 core and outer-core functions can act independently 7, 19 . 182 183 TgCep250 is not required for the connection of the inner-core with the 184 kinetochore 185
Since the anuclear phenotype observed in TgCep250-cKD parasites was very similar 186 to the anuclear daughters observed in parasites depleted in kinetochore component 187 TgNuf2 20 we tested how these two observations relate to each other. We performed 188 IFA assays using mitotic markers to reveal the interactions between centrosome 189 outer-core (α-Centrin), the kinetochore (α-TgNdc80) 20 and the spindle 190 microtubules (EB1-YFP) 11 . As shown in Figure 5 , in the absence of TgCep250, both 191 kinetochore complex and spindle microtubules became detached from the 192 centrosome outer-core ( Fig. 5A , white arrowhead). To determine whether 193
TgCep250 plays a role in interaction between the inner-core and the kinetochore we 194 co-stained the parasite with inner-core (TgCep250L1) and kinetochore (TgNdc80) 195 markers. Surprisingly, although TgCep250L1 fragmented into multiple foci, the 196 majority of TgNdc80 foci co-localized with TgCep250L1 foci in the absence of 197 TgCep250, even though in some cases the connection with the nucleus was gone 198 ( Fig. 5B) . Thus, the inner-core and the kinetochore remained associated in the 199 absence of TgCep250 and indicates that the nuclear function of the inner core is also 200 maintained when the inner/outer-core association is lost. 201 202
TgNuf2 anchors the centrosome to the nuclear periphery 203
To further dissect the association between the inner-core and the kinetochore, we 204 expressed the inner-core marker TgCep250L1 in a kinetochore-depleted parasite 205 line, TgNuf2-cKD 20 . It has been reported that in the absence of TgNuf2, the 206 association between the centrosome and spindle pole is abolished and the 207 centrosome is pulled away from the nucleus 20 . In Figure 6 , we observed that the 208 centrosome inner-and outer-core co-migrate away from the nucleus ( Fig. 6  209 arrowhead). In this scenario, association between outer-core and inner-core 210 remains intact in the absence of TgNuf2. These data suggest that the kinetochore is 211 required to anchor the centrosome cores to the nuclear periphery but not required 212 for the connection between the inner-and outer-cores. 213 214
TgNek1 promotes separation of only the outer-cores 215
It has been shown that a Toxoplasma ortholog of NIMA kinases, TgNek1, is 216 responsible for centrosome separation in tachyzoites 14 . To dissect the regulation of 217 centrosome core separation in a TgNek1 depleted background we constructed a 218 conditional knockdown line of TgNek1 (TgNek1-cKD) (Fig. S1A ). Plaque assays 219 showed that in the presence of ATc, TgNek1-cKD parasites display a severe growth 220 defect ( Fig. S1B ) consistent with the temperature sensitive TgNek1 phenotype 221 previously reported 14 . Moreover, IFA with a-TgNek1 confirmed that TgNek1 222 expression is depleted in the presence of ATc (Fig. S1C) . Interestingly, upon 223 depletion of TgNek1 the duplicated outer-cores remain connected whereas the 224 inner-cores separate along with the kinetochores (Fig. 7) . The distance between 225 separated kinetochores in TgNek1-cKD and wild type parasites is comparable, 226 which in turn is comparable with previously reported distances 7 . This indicates that 227 the spindle MT polymerization is not affected when outer-core splitting is blocked. 228
In all, we concluded that the centrosome outer-core, inner-core and kinetochore are 229 hierarchically organized and that TgCep250 is responsible for connecting the inner-230 and outer-core, but not the inner-core and the kinetochore. We showed here that the functional ortholog of human Nek2 in Toxoplasma, 242 TgNek1, is essential for outer-core splitting (Fig. 7) but not the inner-core. This 243 observation implies that substrate of TgNek1 only tethers the outer-core and the 244 mechanism that physically separates the inner-and outer-core is different. Both 245 TgNek1 and TgCep250 are closely associated with the centrosome outer-core, 246 however, their timing is different. TgNek1 is only transiently recruited to the 247 centrosome in G1/S phase transition and disappears after cell cycle progresses into 248 mitosis 14 , which is just when TgCep250 shows up in the outer-core. Thus, although 249 we cannot exclude the possibility of TgCep250 is a TgNek1 substrate, the proteolytic 250 event of TgCep250 that leads to both inner-and outer-core localization is likely 251 independent from TgNek1 activity since TgNek1 is already absent from the 252 centrosome during cytokinesis. Phenotypic analysis of the TgCep250-cKD and 253
TgNek1-cKD phenotypes also showed distinct cell cycle defects indicating the roles 254 of TgCep250 and TgNek1 are functionally distinct. It is worth noticing that 255
TgCep250 is phosphorylated at S252 in whole organism phopho-proteome data 24 . 256 However, the function of this TgCep250 phosphorylation and the kinase that 257 phosphorylates it remains to be determined. 258
In mammalian cells, the differential decoration of centriole appendages 259 defines the difference in age and ability to nucleate microtubules between the 260 centriole pairs 17 . Toxoplasma's annotated genome does not contain orthologs of 261 mammalian centriole appendage genes and no clear appendage structure was 262 observed by transmission election microscopy. However, the observation that the 263 detachment of outer-core and inner-core occurs mostly in one pair of centrosomes 264 upon TgCep250 depletion provides the first evidence that daughter and mother 265 centrosomes can be differentiated in apicomplexan parasites. 266
Overduplication of outer-cores has been reported in parasites expressing a 267 temperature sensitive allele of PCM component MAPK-L1 7 , whereas outer-core 268 fragmentation was observed in TgCep530 depleted parasites 8 . In TgCep250 269 depleted cells we observed multiple outer-cores, which could either be the result of 270 overduplication or fragmentation (Fig. 4C) . The TgCep250 phenotypes differs from 271 the MAPK-L1 defective cells as an accumulation of inner-and outer-cores aligned in 272 a "dumbbell form" was not observed. On the other hand, the TgCep250 phenotype is 273 also dramatically different from the multiple outer-cores of various intensity 274 observed in TgCep530 deficient parasites. The multiple outer-cores observed upon 275 TgCep250 depletion appear clearly organized and are of equal intensity, which is 276 more consistent with an over duplication than with fragmentation. In addition, we 277 observed normal initiation of daughter buds in absence of TgCep250 (Fig. 4D) , 278 suggestive of fully functional outer-cores. 279
The above observation provides further support for the hypothesis of 280 independent function and regulation of inner-and outer-cores 7 . In addition, the 281 formation of spindle microtubules on disconnected inner-cores (Fig. 5A) is also in 282 line with the independent functionality of the bifunctional centrosome cores. We 283 further tested this model in an IFA assay combining SFA, Centrin, TgCep250L1 and 284 TgNdc80 (Fig. 8) , as the integrity of each of these detected structures is essential 285 and critical for the endowment of each daughter cell with a single copy of genetic 286 material 4, 18 . Indeed, we observed a hierarchical organization of these structures 287 required in wild type parasites (Fig. 8, upper panels) . However, in TgCep250-cKD 288 cells, the connection between the inner-(green) and outer-core (blue) is lost while 289 association between the SFA and outer-core as well as between the kinetochore and 290 the inner-core remain intact (Fig. 8, bottom panels) . 291
Our previous work showed that the kinetochore is required for Centrin 292 (outer-core) association with nucleus 20 by locking the MTs emanating from the 293 centrosome on the nuclear envelope 11 . Using the novel tools developed here, we 294 now expanded these insights by showing that in TgNuf2-cKD cells the intact 295 inner/outer-core pair dissociates in its entirety from the nucleus (Fig. 6 ). Thus, we 296 can conclude that the kinetochore serves as a molecular anchor to lock the complete 297 centrosome cores, and that spindle MTs anchoring to the nuclear periphery is not 298 required to maintain the connection between the inner-and outer-core. 299
Taken together, our data support the notion of functional independency of 300 centrosomal cores as previous hypothesized. Furthermore, the observed differential 301 states of mother and daughter centrosomes provide support for the non-geometric 302 daughter expansion numbers observed in the Plasmodium spp. red blood cell cycle: 303 it was proposed that the mother centrosome could be sooner ready for another 304 round of duplication, associated with S-phase and mitosis, than the daughter 305 centrosome, which still had to mature 25 . 306 TgCep250 is essential for structurally stability of the connection between the 307 centrosome cores and two different forms of Cep250 are present in tachyzoites: a 308 full-length form localizing to the outer-core during the transition between mitosis/ 309 cytokinesis and a proteolytically processed form localizing to the inner-core 310 throughout the tachyzoite cell cycle. TgNek1 is unlikely the kinase triggering 311 proteolytic cleavage. However, the tethering function of TgCep250 appears to be 312 maintained between human and Toxoplasma orthologs, but the structures 313 All primers used are listed in Table S1 . Endogenous tagging parasite strains were 332 generated as described 27 . Briefly, 1 kb and 1.9 kb region upstream of the stop codon 333 of the TgCep250 gene were PCR amplified using RH genomic DNA as template and 334 were LIC-cloned into pYFP-LIC-DHFR (kindly provided by Dr. Vern Carruthers, 335
University of Michigan). NarI was used to linearize pCep250-YFP-LIC-DHFR for site-336 specific homologous recombination. 337
Tetracycline regulatable parasite strains were generated by single-crossover 338 homologous recombination using a plasmid kindly provided by Dr. Wassim Daher 30 . 339
The plasmid was re-designed by adding a single Myc-tag between the minimum 340 promoter and the N-terminal genomic region of the target genes. All the inserts 341 were amplified by PCR and digested with enzyme pairs BglII and NotI. To construct 342
Myc-Cep250-cKD line, the 5' end of the TgCep250 was amplified, digested with BglII 343 and NotI enzyme pairs, and ligated into the DHFR-TetO7sag4-Myc vector. The 344 resulting construct was linearized using NcoI, electroporated into the TATiΔKu80 345 line by electroporation, and selected for pyrimethamine resistance. The Myc-Nek1-346 cKD line was generated following the same strategy. 347
The Myc-Cep250-3xTy-cKD line was generated by site-specific insertion of a 348 PCR product carrying the tag and HXGPRT selectable marker using CRISPR/Cas9. 349
The pU6 Parasites were seeded overnight (~16-18 h) and fixed with methanol as described 9 . 359
The following antibodies were used in this study: Myc (MAb 9E10, mouse, 1:50; 360 Santa Cruz); HA (3F10, rat; 1:3000; Roche); IMC3 (rat, 1: 2000 TgCep250-cKD genomic DNA as templates. Primer pairs as indicated in Fig. 2A . C) 508 IFA using α-Myc and α-Centrin showed that the Myc-tagged TgCep250 is depleted 509 with in 6-hour incubation of ATc. Boxed areas magnified in the 4x zoom panels. D) 510
Western blot using α-Myc showed that the protein expression level is down-511 regulated in the presence of ATc. The purple arrowhead marks the full-length 512
Cep250 protein (note that TgCep250 has a predicted molecular weight of 762 kDa); 513 the smaller bands present in both the -and +ATc samples and considered aspecific 514 and serve as loading control. Centrin (outer-core; red) and co-stained with either α-TgNdc80 (kinetochore; green; 557 left panels) or co-expression of TgEB1-YFP (spindle microtubules; green; right 558 panels). Arrowheads mark nuclei displaying loss of outer-core association with the 559 kinetochore; double arrowheads mark nuclei displaying loss of outer-core 560 association with the spindle. B) IFA of TgCep250-cKD ±ATc expressing TgCep250L1-561 HA (inner-core: α-HA; green) and co-stained α-TgNdc80 (kinetochore; red) showed 562 that the interaction between the kinetochore and inner-core centrosome remains 563 intact in the absence of TgCep250. 564 565 566 Figure 6. The kinetochore is required to anchor centrosome cores to the 567 nuclear periphery. TgNuf2-cKD parasites treated ±ATc stained with centrosome 568 outer-core (α-Centrin, in green) and inner-core (TgCep250L1-HA; α-HA, in red;) 569 markers. Asterisks mark intact nucleus-centrosome connections; arrowheads mark 570 intact inner/outer-core pairs strayed from the nucleus (the associated small DAPI 571 spot is the plastid genome); arrows mark mis-segregated nuclei. 572 573 574 Figure 7. Loss of TgNek1 prevents outer-core splitting but does not interfere 575 with inner-core separation. Image acquired by super-resolution microscopy (SIM) 576 of TgNek1-cKD parasites ±ATc using kinetochore (α-Ndc80), centrosome inner-core 577 (α-HA marking Cep250L1-HA) and outer-core (α-Centrin) markers. Boxed areas 578 magnified on the right. 579 580
Figure 8. Hierarchical organization of the nuclear and cell division roles of the 581
Toxoplasma centrosome inner-and outer-cores. Left panels: super-resolution 582 (SIM) IFA of TgCep250-cKD co-expressing TgCep250L1-HA stained with α-HA 583 (green: inner-core), α-Centrin (blue: outer-core), α-TgSFA (magenta: daughter 584 tether) and α-TgNdc80 (red: kinetochore). Dotted lines outline parasites. Right 585 panels represent schematic representation of the data with corresponding colors. 586
Cyan represents the connection between the inner-and outer-core that is lost in the 587 daughter centrosome upon depletion of TgCep250. 588 589 590
